SUMMARY Calmodulin concentrations and localisation have been analysed as a function of development in human intestinal epithelial cells from normal and cystic fibrosis individuals. In normal fetuses up to eight weeks of gestation intestinal epithelial cells which were still undifferentiated were not immunoreactive and their calmodulin content was low. From eight weeks onwards there was a significant overall increase in calmodulin content concomitant with its segregation to the apical side of epithelial cells. At 14 weeks of gestation calmodulin concentrations and localisation closely resembled those of adults. The developmental pattern of calmodulin appeared to parallel the morphological and functional maturation of brush borders which occurs during the first trimester of pregnancy. In the intestinal epithelial cells from a 19 weeks cystic fibrosis fetus and a cystic fibrosis newborn infant neither calmodulin concentration, nor its localisation were affected. Similarly, brush border calmodulin binding proteins and enzymatic activities were similar in normal subjects and the cystic fibrosis intestine.
Calmodulin is an ubiquitous calcium binding protein'2 which in the brush borders of intestinal epithelial cells'4 serves as the predominant calcium buffer.' In addition, it regulates brush border contractility through the cytoskeleton associated calmodulin dependent myosin light chain kinase system6 and a number of cytoskeletal proteins with actin and calmodulin binding capacities. 7 The developmental pattern of calmodulin has been already studied in rat brain' and by ourselves in the developing rat intestine.' Nothing is known about calmodulin ontogenesis in the human intestine, however, in spite of numerous studies concerning morphogenesis"' and maturation of brush borders hydrolases."-'3 In human fetal small intestine, villus morphogenesis occurs proximodistally between eight and 14 weeks, the first villi appearing around eight weeks in the duodenum and around 11 weeks in the ileum.'2 Furthermore the existence of a clear parallel between morphological, ultrastructural, and enzymatic differentiation has been shown: the first outgrowth of villi coincides with the progressive differentiation of true microvilli and with the appear-ance of digestive enzyme activities. The major maturation events proceed up to 14 weeks. At that stage, the level of enzyme activities is very comparable with that of adults.' Therefore, it appeared of interest to investigate whether there is a correlation between the developmental pattern of calmodulin and the differentiation of brush borders in human intestine.
A second interesting aspect on which we focused our attention concerned the analysis of calmodulin concentrations and localisation in 1 [ig/ml, benzamidine 15 ptg/ml, leupeptin 10 [tg/ml and aprotinin 10 [ig/ml).
The homogenized fragments were treated at 80°C for five minutes, rapidly cooled on ice and centrifuged at 8000 g for five minutes. Then the surpernatants were assayed for calmodulin content using a commercially available ["25I] calmodulin radioimmunoassay kit from New England Nuclear (Frankfurt, Germany). Results are expressed as the mean of four replicates in ng/mg protein. In the NEN calmodulin kit the sensitivity of the radioimmuno assay was determined to be 0-16 ng and the reproducibility ranged from 2-10%.
IMMUNOFLUORESCENCE
Specimens were rinsed in iced saline buffer and immediately fixed with 2% paraformaldehyde in 0-1 M Pipes buffer at pH 7-0 containing 5% sucrose for two hours at 4°C.
After three washes in buffer, the specimens were frozen in melting freon and then stored in liquid nitrogen before cryostat sectioning (4) (5) (Fig. 2a, b) .
At 12 weeks of gestation, villi have increased in height over the whole length of the intestine. Calmodulin displayed a linear fluorescence at the apical side of epithelial cells, in the proximal intestine (Fig. 2c) , while this staining only started to be obvious in the distal one (Fig. 2d) .
At 14 weeks of gestation, the proximodistal gradient of intestinal morphogenesis is achieved.'2 Concomitantly, the intensity of the apical calmodulin fluorescence had increased markedly all along the intestine (Fig. 2e, f) , and did not differ from that found in the adult (Fig. 2g, h Figure 1 , it is obvious that all along the CF intestine, from duodenum to colon, calmodulin concentrations were in a similar range to those found in a normal 14 weeks fetus and in adults. Furthermore, as in the normal specimens, calmodulin was localised at the apical side of the epithelium (Fig. 3) . Such an absence of discrimination between CF and normal intestine was also observed in the ileum of a newborn infant: both calmodulin concentrations (Table 1) and localisation (not shown) in the CF ileum were similar to those observed in control preterm infants.
Cell cultures originating from amniotic fluids were used as an additional criterion:calmodulin concentrations were similar in normal and CF cells at 18-19 weeks of gestation (Table 1) .
We also investigated calmodulin binding proteins in the brush borders of normal and CF small bowel. Figure 4 shows that normal human intestinal brush borders do contain three major calmodulin binding proteins, as assessed by electrophoresis and incubation of the nitrocellulose replicas with ['211] calmodulin in the presence of calcium. Their apparent molecular weights are respectively 240, 140, and 110 Kdaltons (Fig. 4, lanes 1-3) . In a parallel study42 43 immunoblotting experiments revealed that these calmodulin binding bands are labelled by specific antibodies reactive with fodrin, caldesmon, and the 110 KDa protein, respectively. A minor band with a molecular weight of 160 KDa is also detectable, and corresponds to a breakdown product of fodrin.43 4 bands was assessed by its inhibition in the presence of unlabelled calmodulin (1 mM) or trifluoperazine (50 FM) during the radioactive calmodulin binding assay (Fig. 4, lanes 4, 5) . In the 19 weeks CF-fetus as in the CF newborn infant, neither the number nor the intensity of these calmodulin-binding bands appeared to be affected (Fig. 4, lanes 6 and 7) . The numbers in square parentheses represent the number of cases tested. In the case of ileal epithelial cells from the CF newborn infant, the values are the mean (SD) of three fragments assayed in triplicate. Amniotic fluids were obtained by aimniocentesis. centrifuged, and the cell pellet was seeded in ctilture flasks in a medium composed of 80%°MEM and 20)% fetal calf sertum (Flobio).
Calmodulin assays were done on confluent cells scrapped mechanically from the dishes after two to six passages. The results are the mean (SD) of triplicate ass'ays catrried ouit on two dishes per ca1sc.
Finally, as an indication of the state of functional maturation of CF small bowel, we studied the concentrations of brush border digestive enzymes in the CF fetus and neonate.
First, in the 19 week-old fetus, the proximodistal gradient of the different enzymes" has been shown to be unaffected (Fig. 5) : maximal activity in the proximal jejunum and decreasing activity towards the distal ileum for sucrase, maltase and alkaline phosphatase, and an inverse gradient for aminopeptidase. Moreover, Table 2 Indeed, the first segregation of calmodulin is obvious in the proximal intestine and proceeds in parallel to the proximodistal gradient of brush border assembly. In the colon, this recruitment of calmodulin is slightly delayed as is the brush border organisation"`but is 500 -'~400-3-00 - very similar to that of the small intestine. Finally at 14 weeks of gestation, calmodulin concentrations and localisation resemble closely those of the adult. Concomitantly, during the first trimester of pregnancy, the major calmodulin binding proteins are also progressively inserted into the microvillus core. 42 4' The second interesting finding is that no major changes in calmodulin concentrations and properties could be found in CF intestine either in the fetus or neonate. Several authors have described calmodulin abnormalities in different cell types originating from CF patients,l Ih" thus raising three possibilities: (1) an increase or a defect in calmodulin Furthermore, from our study neither an abnormal concentration nor an altered subcellular localisation of calmodulin were found in CF absorptive intestinal cells at two developmental stages. These observations are in agreement with the recent finding that calmodulin concentrations and properties are normal in CF submandibular glands as assessed by radioimmunoassay. In fact, as there is no abnormality in the calmodulin gene itself,"' but increased intracellular calcium concentrations2 As4 have been reported in CF cells, some functional properties of calmodulin, such as its affinity for calcium ions or for target proteins, could be altered.'" Although the major calmodulin binding proteins found in the brush border cytoskeleton do not appear to be disturbed, an alteration of a specific modulator of calmodulin function in CF cells thus disturbing the pathways mediating membrane transport of chloride cannot be excluded. These aspects remain to be explored.
